Abstract
INTRODUCTION
A giant emphysematous bulla (GEB) is a clinical entity characterized by the presence of a bulla that occupies at least one-third of the entire hemithorax in an emphysematous lung [1] . Bullectomy via video-assisted thoracic surgery or thoracotomy is the best treatment, even in asymptomatic patients, to prevent morbidities such as tension pneumothorax or infection [2] . In the last few years, bronchoscopic lung volume reduction with one-way endobronchial valves (EBVs) has been proposed as a minimally invasive treatment in patients with GEB who are unfit for a surgical procedure [1, [3] [4] [5] [6] . Patient selection is crucial because only a bulla that communicates with the airway (open bulla) is likely to collapse when an EBV is implanted. Total lung capacity (TLC) and residual volume (RV) are increased in patients with GEB and are currently measured with whole-body plethysmography (WBP) and single-breath helium dilution (SBHD). SBHD measures only the air that is ventilated, whereas WBP measures all lung volume including the trapped air [7] . Thus, we hypothesized that a minimal difference in lung volumes measured with the 2 methods could differentiate an open from a closed bulla and thus could predict its collapse after implant of an EBV.
MATERIALS AND METHODS

Study design
We conducted a retrospective unicentre study at the Thoracic Surgery Unit of the Second University of Naples. All consecutive patients with GEB who received an EBV implant (Zephyr TM EBV; Pulmonx Inc., Redwood, CA, USA) from January 2006 to July 2015 were eligible. Exclusion criteria were (i) lack of lung volume measured with both methods; (ii) lack of complete follow-up; (iii) other procedures such as lung volume reduction surgery, bullectomy or lung transplantation performed following EBV treatment; and (iv) the presence of bilateral GEB.
The data were collected prospectively and then analysed retrospectively. Patients were included in a collapse or a no-collapse group according to whether the bulla collapsed after EBV insertion. The primary end-point was to evaluate the intergroup differences in lung volumes measured with the 2 methods.
Considering that an open bulla is more likely to collapse after EBV deployment than a closed bulla, the hypothesis of this study was that the collapse group (patients with an open bulla) had similar lung volumes measured with the 2 methods, whereas the no-collapse group (patients with a closed bulla) had larger differences. Secondary end-points were morbidity, mortality and functional outcomes of the procedure in the 2 groups. All patients gave written informed signed consent to receive an EBV implant and were aware that their data could be used for scientific purposes only.
Study population
During the time of the study, 36 patients underwent EBV treatment for GEB. Among them, 9 patients were excluded from the analysis because they had bilateral bullae (n = 3), lack of lung volume measured with 2 methods (n = 5) and incomplete follow-up (n = 1). We used the same selection criteria for EBV treatment used by those running the Endobronchial Valve for Emphysema Palliation Trial (VENT study) summarized in Table 1 [8] . Physical examination, pulmonary function tests, arterial blood gas analysis (measured at rest while breathing room air), diffusing capacity of the lungs for carbon monoxide (DLCO), the 6-minute walk test (6MWT), computed tomographic scans and quality-of-life and dyspnoea scores were evaluated before and after valve implant.
Clinical evaluation
Dyspnoea was evaluated using the Medical Research Council dyspnoea scale [9] . It is a 5-statement questionnaire about perceived breathlessness: Grade 1: breathless with strenuous exercise; Grade 2: short of breath when hurrying on the level or up a slight hill; Grade 3: walking more slowly than people of the same age on the level because of breathlessness or have to stop for breathing when walking at my own pace on the level; Grade 4: stop for breath after walking 100 yards or after a few minutes on the level; and Grade 5: too breathless to leave the house.
Functional evaluation
Pulmonary function tests were performed according to the American Thoracic Society guidelines [10] . Forced expiratory volume in 1 second (FEV 1 ), forced vital capacity (FVC) and FEV 1 / FVC were measured with standard spirometry. TLC and RV were measured using WBP and SBHD tests. For SBHD-TLC measurements, the end-of-test criterion (equilibration) was defined as a helium concentration change of 0.02% or less during 30 s of breathing. For WBP-TLC, checks were supported and panting frequency was <1 Hz, creating linear traces of mouth pressure versus box pressure. A minimum of 3 acceptable tracings were averaged for plethysmographic volume determinations, and 1 acceptable manoeuvre was performed to obtain helium-derived volume estimates. Moreover, we measured DLCO, the 6MWT, the partial pressure of oxygen in the blood and the partial pressure of carbon dioxide in the blood. Changes in the patient's quality of life were measured by the St. George's Respiratory Questionnaire (SGRQ), which ranges from 0 to 100; the higher the score, the worse is the quality of life. All functional data are presented as a percentage of predicted values for the patient's age, gender and height. We performed the tests before the procedure and 1, 3 and 6 months thereafter.
Radiological evaluation
All patients underwent a high-resolution computed tomography scan with volume rendering and 3D reconstruction [11] to define the bronchial segments supplying the bulla, the characteristics of the bulla and the presence of complete interlobar fissures. The examination was then repeated 1 to 3 months after the procedure to show that the bulla had collapsed.
Operative procedure
The operation was performed with the patient under general anaesthesia with endotracheal intubation or conscious sedation. After reviewing the airway and measuring the size of the target bronchus, one or more valves were delivered through a dedicated catheter to occlude the entire bronchus supplying the bulla. Antibiotics were given intravenously before the procedure, for 24 h after the procedure and then orally for the next 7 days.
Statistical analysis
We used the Kolmogorov-Smirnov test and graphic histograms to check the normality/skewness of the continuous variables in subgroups before further analysis and chose appropriate statistical tests. The data were summarized as the mean and standard deviation for continuous variables or absolute number and percentage for categorical variables. Intergroup differences were compared using the Fisher's exact test for categorical variables and the paired Student's t-test for continuous variables. The preoperative data were used as the baseline and compared with the postoperative data by the analysis of variance test for repeated measures; the P-value was computed with the Bonferroni correction for pairwise comparisons. Bland-Altman plots determined the differences in TLC and in RV measured with the 2 methods. Receiver operating characteristics identified the optimal delta-RV (difference between WBP-RV and SBHD-RV) and the optimal delta TLC (difference between WBP-TLC and SBHD-TLC) cut-offs to predict the bulla collapse (dependent variable). Finally, Bernoulli sampling was applied to individuate a statistically significant patient sample for this study. The estimated number of patients to reach statistical significance in this study was 27, obtained considering a z score at 99% and an error = 25% and hypothesizing a prevalence p equal to 50%. A P-value <0.05 was considered significant. MedCalc statistical software (Version 12.3, Mariakerke, Belgium) was used for the analysis.
RESULTS
Among the 27 patients included in the study, 21 (78%) presented with complete atelectasis of the bulla (collapse group) and 6 (22%) with partial or no collapse (no-collapse group) of the bulla after positioning of the EBV. All patients were symptomatic with mean Medical Research Council dyspnoea scores of 4.1 ± 0.69. The procedure was performed under sedation in 9 patients and under general anaesthesia with endotracheal intubation in 18 patients to ensure good control of ventilation and cough. The 2 study groups were well matched regarding demographic data, dyspnoea score, site of the bulla, number of valves used and hospital stay ( Table 2 ). The collapse group versus the no-collapse group showed higher baseline values in TLC-SBHD (185 ± 15 vs 145 ± 15; P = 0.0004, respectively) and RV-SBHD (155 ± 17 vs 115 ± 15; P = 0.0005), whereas no significant differences were found in baseline WBP-TLC and RV, FEV1 and FVC, the partial pressure of oxygen in the blood and the partial pressure of carbon dioxide in the blood, DLCO, 6MWT and SGRQ (Table 3) .
Primary end-points
In the collapse group, baseline TLC-WBP versus TLC-SBHD (192 ± 18 vs 185 ± 15; P = 0.40) and RV-WBP versus RV-SBHD (160 ± 20 vs 155 ± 17, respectively, P = 0.48) presented similar values, whereas in the no-collapse group, the baseline TLC-WBP and RV-WBP values were significantly higher than the TLC-SBHD (188 ± 14 vs 145 ± 13, P = 0.0007) and RV-SBHD (156 ± 16 vs 115 ± 15, P = 0.001) values. Bland-Altman plots compared TLC and RV measured with the 2 methods. The collapse group had similar TLC (Fig. 1A) and RV (Fig. 1B) values, whereas the no-collapse group showed greater differences in TLC (Fig. 1C ) and in RV (Fig. 1D) values.
The receiving operating characteristic curve showed that a delta-TLC value < _13 [area under the curve = 0.8; 95% confidence interval (CI): 0.669-0.961] and a delta-RV value < _25 (area under the curve = 0.7; 95% CI: 0.561-0.982) predicted the bulla collapse at a rate of 83% (95% CI: 35.9-99.6) and of 84% (95% CI: 37.8-99.9), respectively.
Secondary end-points
Functional results. The collapse group (Table 4) showed a significant improvement in the FEV 1 (P < 0.001), in the FVC (P < 0.001) and in the 6-MWT (P < 0.001) and a reduction in the TLC-WBP (P < 0.001), in the TLC-SBHD (P < 0.001), in the RV-WBP (P < 0.001), in the RV-SBHD (P < 0.001) and in the SGRQ (P < 0.001). These results were retained for the entire follow-up without significant decline, as confirmed by a post hoc test. Conversely, only a trend without significant differences was seen in the no-collapse group (Table 5) .
Morbidity and mortality. No deaths were observed, and the rate of complications was similar between the 2 groups (Table 1 ). In the collapse group, 1 patient had pneumothorax that resolved 5 days later with a Heimlich valve; 1 had pneumonia successfully treated with antibiotics; and 1 had dislocation of a valve that was extracted and replacement of another valve. In the no-collapse group, 1 patient presented with haemoptysis that did not require removal of the valves. other experiences [6, 12, 13] . The procedure consists of positioning EBVs into the bronchial segments supplying the bulla. The EBV, working like a Heimlich valve, allows the escape of air and secretions from the bulla at expiration but prevents air inflow at inspiration with consequent collapse of the bulla. Thus, this mechanism is based on the idea that only a bulla that communicates with the airway (open bulla) may collapse after implant of an EBV. The presence of complete interlobar fissures on CT scans and the lack of collateral ventilation on a Chartis evaluation are the main criteria to predict lobar collapse after insertion of an EVB in patients with heterogeneous emphysema [14, 15] . Although these criteria are routinely used for selecting patients with GEB for EBV treatment, they cannot be used to differentiate an open from a closed bulla. In fact, minimal radiological changes occur in the volume of an open bulla between full inspiration and full exhalation [16] , whereas the Chartis system evaluated only the communications between adjacent lobes through the pores of Kohn. Thus, the findings of this study bring a new perspective to the issue of improving the selection of candidates with GEB for treatment with EBV based on the differences between lung volumes measured with WBP and SBHD.
SBHD is unable to measure poorly ventilated or unventilated space such as a closed bulla, whereas WBP measures the full volume of the intrathoracic space independently of its ventilation. Thus, we postulated that similar WBP and SBHD lung volumes predicted the presence of an open bulla with its collapse after deployment of EBVs, while a larger difference predicted trapped air (closed bulla) with lack of collapse following treatment with an EBV. To test the validity of our equation and its clinical application, we retrospectively compared the lung volumes in 2 groups of patients according to whether or not the bulla collapsed following insertion of an EBV.
First, we found similar values of lung volumes (TLC and RV) measured with WBP and SBHD in the collapse group and a significantly larger difference in the no-collapse group. These data were also confirmed by the Bland-Altman plot. The helium, being an inert gas, fails to measure trapped air in a closed bulla, whereas plethysmography measures the total volume of air in the chest, including the volume of the bulla, independently of its communication with the airway. This assumption was confirmed by the fact that the SBHD volumes in the collapse group were significantly lower than those of the no-collapse group; no difference was found in WBP volumes. Similarly, O'Donnel et al. [17] found a significant reduction in WBP RV but not in SBHD RV after bullectomy. As stated by the same authors [18] , it was an indirect result of the successful removal of a redundant spaceoccupying, non-communicating bulla. In line with our results, previous studies [19] [20] [21] showed that WBP volumes were higher than SBHD volumes in patients with chronic obstructive pulmonary disease (COPD), and this difference became more evident as airway obstruction increased; no difference was found in participants without airflow obstruction. In patients with COPD, an early collapse of the airway occurs during exhalation that impairs lung emptying and traps the air that is measured by WBP but not by SBDH. These physiological abnormalities explain the difference between WBP and SBHD in patients with COPD compared with normal patients as well as in patients with open and closed bullae. Second, we observed only in the collapse group a significant improvement in FEV 1 and in FVC and a significant reduction in TLC and RV values. In addition, patients presented a significant improvement in the ability to perform activities of daily living as demonstrated by the improvement in the 6MWT and SGRQ scores. Collapse of the bulla is necessary to obtain clinical benefits from the EBV procedure because complete atelectasis of the bulla allows recruitment of the lung function through the reexpansion of the compressed lung. In addition, this procedure also reduces the emphysematous hyperinflation of the treated lobe, thereby increasing the elastic recoil and the radial traction on the airways and restoring a more physiological configuration of the respiratory muscles such as the diaphragm. Because the entire emphysematous lobe supplying the bulla was occluded in all cases, the effect from the reduction in lung volume may occur independently from the collapse of the bulla. It is particularly evident in 2 patients in the no-collapse group with a RV difference between SBHD and WBP that placed them within 1 SD of the collapse group, as shown in the Bland-Altman plot. In both cases, the reduction of hyperinflation of the treated lobe improved the diaphragmatic excursion in the absence of bulla collapse (Fig. 2) . In line with results from a previous study [17] , a modest, nonsignificant improvement occurred in the arterial oxygenation, probably due to a small enhancement of the ventilation/perfusion ratio. In theory, the compressed lung recruited with EBV placement was not entirely composed of normal perfused alveolar units, which was also confirmed by that fact that there was no significant improvement in DLCO values.
Third, our strategy could be a useful adjunct to standard examinations to improve the selection of patients with GEB for EBV treatment. According to the algorithm summarized in Fig. 3 , lung volumes measured with both methods (WBP and SBHD) should be included in the standard functional and radiological workups for selecting patients with GEB for EBV treatment. If the difference in TLC and in RV measured with the 2 methods is < _13% and < _25%, respectively, it means that the bulla is open and thus likely to collapse with EBV treatment with a success rate of 83% and 84%, respectively. Conversely, higher values of delta-TLC and delta-RV predict a closed bulla; thus, the patient would not be an ideal candidate for an EBV implant. Thus, if EBV is the only procedure to treat the bulla, other more complex diagnostic tests such as ventilation scintigraphy should be performed before definitely excluding a patient from the treatment. If a closed bulla is confirmed, bullectomy remains the treatment of choice. Laros et al. [2] analysed the functional results in 27 emphysematous patients with GEB undergoing bullectomy. They found that the spirometric improvement depended on the type of bulla. Resection of open bullae resulted predominantly in the improvement of forced expiratory volume as a percentage of vital capacity, whereas after the closed bullae were resected, the increase in vital capacity was most apparent. However, in patients with closed bulla unfit for surgery, alternative minimally invasive procedures such as the transbronchial decompression of the bulla or external intracavitary suction drainage (Monaldi technique modified by Brompton Hospital) should be reviewed [22, 23] . EBV treatment is expensive; in Italy, the estimated cost per valve ranges from Euros 3500.00 (small valve) to 5500.00 (large valve); the cost of delivering by catheter is Euros 400.00; by Chartis catheter (if used), the cost is Euros 1400.00. Thus, excluding patients who will not benefit from this treatment may also decrease costs for the National Health Service.
Limitations
Several limitations should be taken into account before drawing definitive conclusions. (i) The small number of patients did not allow an exhaustive stratification on their airway obstruction grade. It could limit the calculation of lung volumes and the outcome considering that the recruitment of a less compromised lung could be associated with an improvement of the respiratory function.
(ii) We used SBHD to measure lung volumes with the helium dilution technique because it is fast and simple. With one ventilatory manoeuvre, we managed to measure the DLCO in the same setting. However, another method, known as multiple BHD, is longer and more complex, allowing a more even distribution of inhaled gas in order to reach equilibrium with the alveolar air. Even though both methods provide similar results, differences of up to 34% are reported in patients with severe COPD [19] . (iii) No further examinations such as ventilation scintigraphy were performed to demonstrate that bullae in the nocollapse group truly had no communication with the airways. In addition, other factors such as non-occlusive valves, a valve placed in the wrong lobe or the presence of collateral ventilation could cause the lack of collapse of the bulla in the collapse group. However, we tried to reduce the weight of these variables by selecting only patients with complete fissure on computed tomography scans and identifying the target lobe supplying the bulla with a 3D reconstruction of the computed tomography scan as previously reported. In the 2 groups, the valve size was chosen with the same strategy, and no cases of valve migration were seen in the no-collapse groups that could support the hypothesis of valve misplacement.
CONCLUSIONS
The concept of a closed and an open bulla and their distinction through the measurement of lung volume with WBP and SBHD is an economic, simple and highly available method that could improve the selection of patients with GEB for treatment with EBVs. The suspicion of a closed bulla because of a large difference in the volumes of both lungs should be confirmed by more complex examinations before definitely excluding this subset of patients from this treatment. Because of the limited number of patients and the other study limitations, further studies are mandatory to support the validity of our model.
